ABSTRACT This study was conducted to assess the effects of feed form (FF), particle size (PS), and pellet binder (PB) on performance, digestive tract parameters, intestinal morphology, and cecal microflora populations in broiler chicks. Two FF (mash and pellet), two feed PS (fine and coarse), and two levels of PB (0 and 3%) were evaluated in a completely randomized design with a 2 × 2 × 2 factorial arrangement of treatments. A total of 256 one-day-old male Ross 308 chicks were allocated into 8 treatments consisting of 8 replicates (4 birds/cage) with equal weight from 25 to 42 d of age. The results showed a threeway interaction among FF, PS, and PB for growth performance in broilers. The growth performance parameters were significantly improved by feeding the pellet-coarse PS-3% PB diet in comparison to the other treatments (P < 0.05). Birds fed pelleted diets had lower relative weight of the gizzard and pancreas, goblet cell (GC) number of the duodenum, crypt depth (CD) of the jejunum, higher villus height (VH) of the duodenum, and cecal spore-forming bacteria population (P < 0.05). Coarse PS resulted in lower jejunum CD and higher cecal count of lactic acid bacteria (LAB) and spore-forming bacteria (P < 0.05). Adding PB significantly improved pellet durability index (PDI) (P < 0.05). In addition, coarse PS-3% PB diets had higher pellet hardness. Also, adding PB to diets significantly (P < 0.05) decreased cecal sporeforming bacteria population. Pellet-coarse PS-3% PB diets fed broilers had a lower (P < 0.05) cecal Clostridium spp. bacterial population. The main factors had no significant effect (P > 0.05) on cecal Coliform spp. levels. Birds fed pellet-3% PB diets had higher VH:CD ratio both in the duodenum and jejunum, and those fed mash-3% PB diets had significantly (P < 0.05) lower VH in the jejunum than other treatments. Overall, pellet-coarse PS-3% PB diets improved growth performance through the positive changes on intestinal morphology of broilers under short-term conditioning (STC).
INTRODUCTION
Mash or hydrothermal-processed diets such as pellets or crumbles are commonly used as broiler feeds. Although it is generally believed that pelleting has a positive effect on broiler growth performance, feed intake (FI), and feed conversion ratio (FCR) (Abdollahi et al., 2013a (Abdollahi et al., , 2018a , there are some studies (Lemme et al., 2006; Dozier et al., 2010) suggesting that there is no difference between poor physical quality pellets and mash diets on broiler performance specially during the late phase of production. In contrast, Corzo et al. (2011) reported that broilers fed pellet diets with poor or high physical quality had higher FI and body weight (BW) and lower FCR than those fed mash diets during the late phase of production (28 and 42 d of age). Lilly et al. (2011) observed no significant FI but significant BW and FCR improvement with ground pellets (0:100 pellet to fine ratio) compared to low physical quality pellet diets (30:70 pellet to fine ratio) during a finisher phase (21 to 38 d). Moreover, Glover et al. (2015) indicated that improvement of pellet quality (from pellet durability index (PDI) 50 to 70%) significantly (P 0.05) improved FCR during starter (0 to 10 d) and finisher periods (22 to 38 d).
It has been generally accepted that long-term conditioning (LTC: conditioner temperature = 85
• C and conditioner retention time = 3 min) produces high physical quality pellet, reduces electrical consumption (Attar et al., 2018 , and improves the hygienic quality of feed by reducing pathogens population such as Salmonella (Jones and Richardson, 2004; Peisker, 2006) . However, spore-forming bacteria (e.g., Bacillus and Clostridium) will survive in pellet feeds under LTC (Boroojeni et al., 2016) . Long-term conditioning (LTC) is just considered as one of the strategies to control feed salmonella (Jones, 2011) . Moreover, pellet processing (desiccation and heat) causes some changes that affect the normal procedure for Salmonella detection (Cox et al., 2013) . Long-term conditioning (LTC) may reduce feed wastage by improving PDI but may cause detrimental effects on nutrient digestibility. According to Moritz (2014) , LTC results in good physical pellet quality but decreases nutrient availability, whereas shortterm conditioning (STC) at least maintains nutrient availability but reduces physical pellet quality. The hypothesis is that pellet binder (PB) addition may improve physical pellet quality without reducing nutrient availability under STC. Therefore, one of the goals of the present study is how to reach a good pellet quality without detrimental effects on feed nutrient quality.
In general, fine feed particle size (PS) has a larger surface area and possibly improves nutrient digestibility because it may increase digesta contact with digestive enzymes in the gastrointestinal tract as well as improvement of PDI (Goodband et al., 2002; Amerah et al., 2007a) . However, Chewning et al. (2012) demonstrated that corn PS had no significant effect on BW of broilers at the late phase of production (35 to 44 d). Nevertheless, poultry nutritionists are interested in applying at least a minimal level of feed structural components, e.g., adding insoluble fiber, coarse feed PS, and whole wheat in pellet diets to prevent gizzard atrophy in broilers (Svihus, 2011) . Gizzard acts as the pacemaker of gut motility and as a consequence improves nutrient digestibility (Svihus, 2011) . However, pelleting per se is not enough for achieving optimum broiler performance. Indeed, there is a need to improve the pelleting process to reduce physical feed wastage and avoid feed nutrient wastage during the pelleting process to optimize performance (Abdollahi et al., 2013a) . However, there is lack of information about the impact of feed form (FF) and PS, and PB under STC on performance in broilers fed corn and soybean-meal-based diets. Moreover, the effects of above mentioned factors on nutrient utilization, intestinal morphology and cecal microbial population have not been evaluated. The present experiment was designed to determine the effects of three factors (FF, PS, and PB) and their interactions on growth performance, relative weight of digestive organs, small intestinal morphology, and cecal microbial population in broilers during a finisher period.
MATERIAL AND METHODS

Feed Formulation and Manufacturing
Test diets were formulated to meet male Ross 308 strain recommendations for major nutrients and were manufactured in the Gorgan feedmill (Table 1 ). All feed ingredients were ground by a hammer mill (ASIAB industry factory, Tehran, Iran) to pass through 2 and 6 mm screens for fine and coarse grade particles, respectively. The batches were blended in a double ribbon mixer (180 s for dry mixing and 90 s for wet mixing). A mixture of PBs containing 2% activated sodium bentonite (G-Bind TM ) and 1% sugar beet molasses with 75% dry matter (DM) were separately added on top of each batch and then re-mixed for 180 s. Then, each diet was split into unprocessed mash and steam-conditioned equal batches. The second batch was conditioned in a single barrel (1.2 m × 0.45 m = length × diameter) conditioner with 10 s feed retention time, 80 PSI steam pressure, and 65
• C discharge feed temperature (STC), and pelleted in a pellet press (FDSP SZLH32 model, Jiangsu, China) with no relief in a die (length to diameter ratio = 10). Pellets were cooled at ambient temperature in a counter-flow cooler to reach the equal DM as in the unprocessed mash diets.
Husbandry Practices and Performance Data Collection
A total of 256 one-day-old male Ross 308 chicks were placed in an environmentally controlled room at University of Tehran. Broilers were reared in (60 × 85 cm 2 ) cages (4 male birds/cage). Temperature and light programs were settled based on the Ross 308 strain guideline (Aviagen, 2014 
Particle Size (PS) Distribution and Physical Pellet Quality Determination
The feed PS analysis was carried out according to the wet sieving method described by Miladinovic (2009) . In brief, a weighed sample (100 g) of each diet was soaked in water (100 g feed in 500 ml water) for 2 h to ensure enough hydration. A set of 9 steel sieves (Eckhardt DIN 4188, Hann, Germany) with sieve sizes of 2,500, 1,600, 1,000, 800, 560, 450, 355, 200 , and 100 μm were selected, and the exact weight of each sieve was recorded. Then, feed samples were shaken using a Retsch VS 1000 shaker (Retsch GmbH, Haan, Germany) and washed 3 times for 3 min under a continuous tape water flow. The sieves were subsequently placed in a dry-force oven for 24 h at 105
• C. The geometric mean diameter (GMD) and geometric standard deviation (GSD) of diets were calculated as described by ANSI/ASAE S319 method (ASAE, 2009) .
Fine particles of pellet feeds were removed by passing feeds through 3350 μm sieve to measure PDI. Pellet durability index (PDI) was determined in a Pfost tumbling box (ASAE, 1997) and a Holmen NHP200 portable tester (Takpro Ltd., UK). Pellet hardness (N) was measured by a Brookfield CT3 10,000 g texture analyzer (Middleborough, USA), with a cylindrical probe number 3, which was set for the compression test (2 mm target test and 1.5 mm/s speed), according to the method described by Svihus et al. (2004) .
Digestive Tract Parameters
On d 42, 4 birds from each treatment were selected, individually weighted and slaughtered, and intestinal samples were collected. After trimming fat surrounding the gizzard and removing the gizzard content, the absolute weights of the gizzard, pancreas, liver, and small intestine were recorded and expressed as percentage of BW.
Intestinal Morphological Measurements
Four birds from each treatment were used for intestinal morphological examination. On 42 d, the middle parts of the duodenum and jejunum (about 2 cm in length) were excised, flushed with phosphate-buffered saline and fixed in 10% buffer formalin solution. All tissue samples were dehydrated through graded levels of alcohols (absolute alcohol, 95 and 70%) and embedded in wax. Six-μm thick sections were cut with a Microtome (MicroTec, Walldorf, Germany), placed on glass slides, stained with hematoxiline-eosin, and examined by a light microscopy (Carl Zeiss, Promenade, Germany). Two segments were fixed in a slide for each section and viewed by a light microscope equipped with an eyepiece graticule. The morphological parameters measured were villus height (VH), crypt depth (CD), and goblet cell (GC) number (per 100 μm VH). The VH:CD ratio was calculated.
Cecal Microflora Population
On d 42, the ceca contents of four birds from each treatment were aseptically collected in individual sterile culture tubes, kept on ice, and immediately transferred to the microbiological lab. Cecal microflora colonies were measured as described by Esmaeilipour et al. (2012) . In brief, approximately 1 g of fresh cecal digesta samples was weighted on aluminum foil and diluted 10-fold (i.e., 10% wt/vol) with sterile phosphatebuffered saline (0.1 M; pH 7.0) and subsequently homogenized for 3 min. Each homogenized sample was serially diluted (1:10) to 10 −7 . Then, 0.1 mL of 3 last diluted samples was plated onto MacConkey agar plates (Difco Laboratories, Detroit, MI), MRS agar (Merck, Darmstadt, Germany), Reinforced Clostridial Agar (Oxoid Limited, Basingstoke, England), and Plate Count Agar (Merck, Darmstadt, Germany) to enumerate coliform, lactic acid bacteria (LAB), clostridia, and spore-forming bacteria, respectively. Plates were incubated for 24 h at 37
• C for aerobic bacteria (coliform, LAB, and spore-forming bacteria) and 48 h for anaerobic bacteria (clostridia). Anaerobic incubation was achieved using sealed anaerobic jars. After the incubation periods, colonies of the respective bacteria were counted and expressed as 10 logarithm colony-forming units (log cfu) per gram of cecal digesta.
Statistical Analysis
In the present study, a completely randomized design with 2 × 2 × 2 factorial arrangement was used to Fine and coarse PS were achieved using screen sizes of 2 and 6 mm, respectively. PB (2% bentonite + 1% sugar beet molasses). a Each value represents the mean of two replicates.
evaluate two FF (mash and pellet), two PS (fine and coarse), two levels of PB (0 and 3%), and interactions among the three factors. All data were analyzed using the Proc General Linear Model procedure of SAS (2004, SAS 9.1, Cary, NC). Differences among the treatments were investigated by Duncan's multiple-range test at P < 0.05.
RESULTS
Particle Size Distribution and Physical Pellet Quality
The GMD and GSD values of unprocessed mash and pellet diets ground through 2 and 6 mm screens as fine and coarse particle, respectively, were determined (Table 2) . Pelleting decreased the GMD values of diets in comparison to mash. The relative proportion of coarse particles (>2,500, 1,600, and 1,000 μm) were reduced by pelleting, whereas that of fine particles (≤200 μm) in each PS group were increased.
Pellet durability index (PDI) based on Pfost tumbling box values were significantly (P < 0.0001) increased by adding 3% PB (Table 3 ). An interaction between PS and PB was observed for PDI values measured with Holmen NHP200 tester. In fact, adding PB enhanced PDI values in both PS and increasing PS reduced PDI values based on Holmen NHP200 tester. Likewise, there were significant interactions between PS and PB for pellet hardness (P < 0.0003). Whereas 3% PB supplementation significantly (P < 0.05) enhanced pellet hardness of coarsely ground diets (coarse PS-3% PB), it had no significant effect on pellet hardness in finely-ground diets.
Performance
There was a significant (P < 0.05) three-way interaction among FF, PS, and PB on BW, FI, FCR, and EPEF during the finisher period (25 to 42 d) (Table 4) . Birds fed pellet-coarse PS-3% PB diets had higher final BW, FI, and EPEF (P < 0.05) and lower FCR than the other treatments (P < 0.05). Pelleted diets (pellet-fine PS-0 or 3% PB and pellet-coarse PS-0 or 3% PB) had significantly higher BW and FI and lower FCR compared to mash diets (mash-fine PS-0 or 3% PB and mash-coarse PS-0 or 3% PB). Adding 3% PB in mash diets increased BW in the fine PS diets (mash-fine PS-3% PB) not in the coarse PS diets (mash-coarse PS-3% PB), whereas adding 3% PB in pelleted diets provided beneficial effects on BW and FCR only in the coarse diets (pellet-coarse PS-3% PB). Fine and coarse PS were achieved using screen sizes of 2 and 6 mm, respectively. PB (2% bentonite + 1% sugar beet molasses). a Each value represents the mean of 8 replicates (4 birds/replicate). b Standard error mean.
Digestive Tract Parameters
With regard to digestive tract parameters (Table 5) , FF had significant effects on the relative weights of the gizzard (P < 0.0001), pancreas (P < 0.02), and liver (P < 0.01). Feeding pellet diets reduced (P < 0.05) the relative weight of the gizzard and pancreas, and increased (P < 0.05) the relative weight of the liver. The main factors had no significant effect (P > 0.05) on the relative weight of the small intestinal.
Intestinal Morphology
The effect of dietary treatments on morphological parameters of the duodenum and jejunum is given in Table 6 . The significant effect of FF was observed for VH (P < 0.002) and GC (P < 0.006) in the duodenum and for CD (P < 0.0001) in the jejunum segment. Birds fed pelleted diets had greater VH, lower GC in the duodenum and lower CD in the jejunum than those fed mash diets (P < 0.05). Feed PS as a main factor had a significant (P = 0.003) impact on CD in the jejunum. Birds fed coarse-size feed particles had lower CD values than those fed fine particles. A significant FF × PB interaction was observed for CD (P = 0.02) and VH:CD (P = 0.009) in the duodenum and for VH (P = 0.01) and VH:CD (P = 0.0018) in the jejunum segment. Birds fed pelleted diets with 3% PB had the lower (P < 0.05) CD values in the duodenum and higher (P < 0.05) VH:CD values in both segments compared to the other treatments. However, the lower (P < 0.05) VH values in the jejunum was observed in birds fed mash diets with PB (mash-3% PB) compared to the other treatments (P = 0.0018).
Cecal Microflora Population
Feed PS had a significant (P < 0.02) effect on LAB bacteria population in the ceca on d 42 (Table 7) . Increasing feed PS from fine to coarse increased cecal LAB bacteria colonies (P < 0.05). The cecal Coliforms spp. population was not affected by any of the main factors (P > 0.05). However, all main factors had significant (P < 0.0001 to 0.04) effects on cecal spore forming bacteria spp. population. Birds fed pelleted diets, Fine and coarse PS were achieved using screen sizes of 2 and 6 mm, respectively. PB (2% bentonite + 1% sugar beet molasses). a Each value represents the mean of 4 replicates (4 birds/replicate). b Standard error mean. c Other two-way and three-way interactions among main factors were not significant (P > 0.10). d VH, villus height. e CD, crypt depth. f GC, goblet cell.
coarse-size particle, and 0% PB had greater sporeforming bacteria spp. population in the ceca (P < 0.05). A three-way interaction (FF × feed PS × PB) was observed for cecal Clostridium spp. population. Birds fed coarsely ground pelleted diets contained 3% PB (pelletcoarse PS-3% PB) had lower (P < 0.05) Clostridium spp. population in the cecum compared to the other treatments on d 42.
DISCUSSION
Previous studies have shown that due to the narrow gap between dies and rollers in pellet press machines and the frictional force created inside of the die, and the contact of physical feed particles with the outer surface of the die holes, pelleting is able to further grind the feed particles and reduce the PS (Abdollahi et al., 2013a; Naderinejad et al., 2016; Vukmirović et al., 2016; Svihus, 2017) . Therefore, the reduction in proportion of large particles and consequent fall in GMD values in the present study is in agreement with other studies.
The feed industry experts traditionally prefer fine PS to achieve acceptable feed PDI (Newkirk, 2016) . It is generally accepted that coarse grinding of feed ingredients, specifically cereal grains, reduces PDI (Angulo et al., 1996; Chewning et al., 2012; Xu et al., 2015) because fine PS have more surface area to create more solid bridges to compact particles together. The present study based on Holmen results revealed that coarse PS had significant effect (P > 0.05) on PDI. These results are inconsistent with previous studies reporting no significant impact of PS on PDI (Amerah et al., 2007b; Naderinejad et al., 2016) .
In the present study, a three-way interaction among FF, PS, and PB was observed for BW, FI, FCR, and EPEF during the finisher period (Table 4 ). This finding is consistent with some studies for FCR, BW, and FI in different periods (Amerah et al., 2007b; Chewning et al., 2012; Lv et al., 2015; Naderinejad et al., 2016) . However, Naderinejad et al. (2016) and Engberg et al. (2002) did not observe any significant interaction between FF and PS for BW on d 21 and 42 of age, respectively.
Adding PB to the coarse grinding pelleted diets had a marked effect on pellet hardness and FI. Parsons et al. (2006) observed that broilers fed hard pellets had higher BW, FCR and nitrogen and lysine retention compared to soft pellets during the finisher period (3 to 6 wk). In fact, broilers fed hard pellets grew faster than those fed soft pellets (Picard et al., 2002) . In other words, pellet hardness modulates the speed of ingestion which is critical for broilers during the finisher period. Although broilers are able to positively respond to pellet hardness in a specific range, they reduce their FI when confronted with too hard pellets e.g., in the feed pelleted twice (Nir et al., 1994b, Nir and Ptichi, 2001 ). Fine and coarse PS were achieved using screen sizes of 2 and 6 mm, respectively.
PB (2% bentonite + 1% sugar beet molasses). a Each value represents the mean of 4 replicates (4 birds/replicate). b Standard error mean. c Two-way interaction among main factors were not significant (P > 0.10).
In the present study, the FI and BW were also significantly (P < 0.05) increased in the mash diets containing coarse PS compared to fine PS. In agreement with current results, it has been reported that broilers fed with mash coarse grinding diets had numerically better performance compared to fine grinding (Nir et al., 1994a; Lv et al., 2015) . In selective feeding situation, the refusal to consume the fine ground diets was more pronounced in older birds (Nir and Ptichi, 2001 ). In agreement with these results, Xu et al. (2015) reported that poultry has preference for coarse particles and is able to distinguish feed PS through their beak mechanical sensors (Bels and Baussart, 2006; Neves et al., 2014) .
The birds fed pelleted diets not only exhibited 28% lower gizzard and 17.8% pancreas relative weight but also had 10.6% heavier relative weight of the liver than those fed mash diets. These results are consistent with previous studies (Engberg et al., 2002; Abdollahi et al., 2013b; Lv et al., 2015; Naderinejad et al., 2016) . Moreover, a positive correlation between gizzard and pancreas relative weight (r = 0.43) was reported by Liu et al. (2015) , which is clearly confirmed by our current findings.
The influence of FF, feed PS, and PB on intestinal morphology parameters have been scarcely investigated in corn-based diets (Zang et al., 2009; Naderinejad et al., 2016) . Our histomorphological finding in the duodenum is in agreement with those of previous studies (Zang et al., 2009; Naderinejad et al., 2016) indicating an increase in VH of broiler fed pelleted diets. Several studies have concluded that the longer VH is an indication of greater luminal absorptive surface area for nutrients. It seems that in broiler fed pelleted diets the extent of VH can be positively regulated in reply to greater load of nutrients which reach to the proximal section of gut. Broilers fed pelleted diets had lower GC in the small intestinal. There is a relationship between intestinal bacterial load and GC or mucin production (Forder et al., 2007; Fasina et al., 2010) . Salmonellachallenged chicks and antibiotic treated birds showed higher number and larger size of GC, and lower GC number (Almeida et al., 2014; Ghazanfari et al., 2015) . Probably, pelleting process that reduces heat-sensitive bacteria results in lower GC in the villi in reply to less demand of mucin production to maintain the host intestinal health against harmful bacteria. In the current study, significant interaction between FF and PB was observed for CD and VH:CD in the duodenum and VH and VH:CD in the jejunum. In fact, bentonite is a dioctahedral montmorillonite clay which had an ability to reduce jejunum CD and increased VH (Ma and Guo, 2008) . Higher VH:CD is a sign of slower intestinal mucosa turnover rate which in turn decreases maintenance requirement of gut tissues and may lead to greater nutrient digestibility and broiler growth performance (Xu et al., 2003; Zang et al., 2009 ). Broiler fed pellet-coarse PS diets had lower CD in the jejunum. In contrast, Naderinejad et al. (2016) reported higher CD in the jejunum of broiler fed starter pellet diets.
Birds fed coarse PS diets had significantly higher LAB population in the ceca in the current study. Our finding is consistent with Jacobs et al. (2010) and Singh et al. (2014) , who reported an increase in cecal Lactobacilli spp. population as the corn PS increased in mash diets. Engberg et al. (2002) reported that either FF or feed PS had no significant effect on cecal Coliform spp. population which was consistent with our results. Birds fed pellet-coarse PS-3% PB diets had the lowest cecal Clostridia spp. population and the best growth performance and nutrient digestibility among the treatments. Engberg et al. (2002) indicated that broiler fed mash diets had higher cecal Clostridia perfringens population than those fed pelleted diets. Feeding pelleted diets significantly increased cecal spore-forming bacteria spp. because pelleting is able to reduce only non-sporeforming bacteria population in diets (Boroojeni et al., 2016) . The colony counts of cecal spore-forming bacteria were increased by increasing feed PS. However, further research is needed for finding the mechanism of cecal spore-forming bacteria proliferation in response to PS changes. Setlow (2014) indicated that sporeforming bacteria need some nutrient germinants such as amino acids and specific bile salts for germination. Adding PB reduced cecal spore-forming bacteria which might be associated with bentonite role on lowering certain pathogenic bacteria in the small intestinal (Prasai et al., 2016) . However, this phenomenon needs further investigation for better description.
CONCLUSION
The present study demonstrated that the growth performance is affected interactively by FF, feed PS, and PB. Birds fed pellet coarse PS-3% PB diets enhanced feed consumption and subsequently gained more BW, which confirmed the importance of pellet physical quality. Therefore, more attention should be taken not only to PDI value but also to pellet hardness value to improve broiler performance. Moreover, the present data showed that broilers fed pellet-coarse PS-3% PB diet had better growth performance due to positive changes in the morphology of the small intestinal and cecal microflora population.
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